Bond between FRP bars and concrete depends on several parameters comprising environmental agents as the service temperature. As known, FRP bars present high values of the transverse coefficient of the thermal expansion (CTE) with respect to concrete; as a consequence, when temperature increases, tensile stresses take place within the concrete that may produce splitting cracks affecting the bond performance. The present paper is devoted to the analysis of the bond between FRP bars and concrete under thermal loads taking into account already available data on bond slip relationships and thermal behavior. An experimental investigation was carried out on concrete specimens reinforced with a FRP bar and subjected to thermal cycles with a maximum temperature value of 70 °C. After the thermal treatment, pull-out tests were performed at room temperature or higher. Untreated specimens were also tested for comparison. Results are reported and discussed in order to investigate the degradation of the concrete-reinforcement interface under thermal treatment and, as a consequence, the effects on bond-slip laws. Experimental results showed a significant degradation induced by exposure to relatively high temperatures.
INTRODUCTION
The use of FRP bars as reinforcement for concrete elements seems to be an effective solution for overcoming durability problems of traditional steel reinforced concrete structures due to the corrosion of metallic bars. For this reason, the replacement of steel with FRP bars is gaining popularity worldwide. The numerous experimental and theoretical studies carried out in the last years and many structural applications in addition to efforts in many countries to establish the guidelines of practical use of FRP reinforced concrete structures, confirm the increasing interest in this field (Nanni, 2001 ). However, in order to gain a deeper insight into the structural behavior of such new materials and to guarantee their safe application, further researches are needed in specific areas that concern the structural performance and durability under service conditions (Harris et al., 2003) and among all the effect of the temperature increases.
Unidirectional FRP bars, generally utilized in concrete, present an anisotropic behavior. As a consequence, the coefficient of thermal expansion (CTE) is different in the longitudinal and transverse directions. In particular, the longitudinal CTE, controlled by fibers, is low and even negative (as in the case of aramidic fibers), while the transverse CTE, controlled by the resin, is up to 3 -6 times that of the concrete (Gentry et al., 1996) . As a result, an increase in temperature produces bursting stresses within the concrete that may cause splitting cracks. This fact involves a degradation of the bond between concrete and reinforcement (Tepfers, 1998; Tepfers, 1979) , affecting the structural response. This paper aims to determine what effect elevated service temperatures have on the bond performance of FRP reinforced concrete members. A total of thirty-six specimens were tested under direct pull-out. The variables investigated were: bonded length, concrete cover and exposure to high temperature. Experimental results showed a significant degradation induced by exposure to relatively high temperatures.
TEST MATRIX
A total of thirty-six specimens for direct pull-out testing were constructed (See Table  1 ). A 9.5 mm (3/8 in) GFRP bar with different embedment lengths was placed inside a 152 mm 3 (6 in 3 ) cube of concrete. Three different types of specimens were created based on the position of the bar, namely: centrally placed, and two and three times the diameter from one of the outer faces (See Figure 1) . In addition, in order to create different embedment lengths, bond breakers were used. Consisting of soft polyethylene tubing placed over the bar to prevent direct contact with the concrete (See Figure 1) . In order to have statistically relevant test results, three specimens for each configuration were tested. The heat treated specimens were placed into an environmental chamber for 200 hours at a temperature of 70 degrees Celsius and at a humidity of 80%. 
MATERIAL PROPERTIES
Tests were performed to characterize the mechanical properties of the materials used in this investigation.
The concrete used for the preparation of the specimens was designed to have a compressive strength of 27.6 MPa (4000 psi). Water to cement ratio for the concrete mixture was 0.45. Components in the concrete mixture were proportioned as follow by weight: 19% Portland cement, 40% crushed limestone, 33% sand, and 8% water. Once the specimens were cast, they were allowed to cure for 28 days at room temperature.
The specimens were built from four different batches of concrete. Table 2 summarizes the average compressive strength (ASTM C39/C39M) and the average tensile splitting strength (ASTM C496) for each batch of concrete.
The GFRP bars were manufactured by Hughes Brothers, Seward, Nebraska. These bars have a surface deformation called: "wrapped and sand coated design". The "wrapped" refers to the spiral glass fibers that are twisted around the bar. This decreases the amount of transverse thermal expansion and increases the mechanical interlock with the concrete. Bars are also sand coated to increases the friction and interlocking bond. The longitudinal and transverse coefficients of thermal expansion, as referred by the manufacturer, are 0.68÷0.74 x 10 -6 / o C and 0.29 x 10 -6 /°C, per transverse and longitudinal direction respectively. Tensile tests were performed on FRP bars to determine their engineering properties, which are related to fiber content. The average tensile strength, ultimate strain and modulus of elasticity obtained from the testing of the specimens (ASTM D3039) are presented in Table 3 . Details of coupon fabrication and testing procedure are shown elsewhere (Secondin 2003) . 
TEST SETUP
The testing was completed using the guidelines listed by ACI 440 (ACI 440-K.09-011) for direct pull-out specimens. As already mentioned before, the specimens were designed as concrete cubes with the bar either embedded in the center or placed two or three times the diameter from one of the outer cube faces. The bar then had a long and a short end. The short end was used to measure the free end slip while load was applied to the longer end. For direct pull-out testing, the concrete block is held in place while a load is applied to the long end of the bar. The measurements taken were free and loaded end slip of the bar and the load. Two LVDTs were used to measure the free end slip 180 degrees apart from one another. One LVDT was used to measure the loaded end slip because of the lack of room. This setup can be seen from As the load was applied, readings were taken every second, until (1) rupture of the FRP bar occurs, (2) the enclosing concrete splits, or (3) sufficient slippage of the free end of the bar occurs (Boothby et al., 1996) . Significant pre-test preparation was the anchoring system. The anchoring system was needed to be able to apply the load without damaging the bars. In fact, unprotected grapping crushes the FRP bar. This crushes the bar causing failure outside the gage length.
The anchor system used consisted of a 200 mm (8 in) long steel pipe, 25 mm (1 in) in diameter. The pipe was placed on the end of the bar to be loaded and filled with a low viscosity epoxy resin. The low viscosity epoxy allowed for the epoxy to fill the pipe without leaving air pockets. The inside of the pipes were threaded to make sure the load was transferred from the pipe to the resin. From Figure 3 one can see that polymer caps were used to keep the pipe aligned with the bar. During testing, the load was applied to the pipe. For the specimens that had the off-center bar placement, a variation in the setup had to be introduced to prevent any bending on the bar. With reference to the sketch in Figure 4 , one can see that another 6 in block was tied to the one being tested. This kept the bar and the block straight, eliminating the bending moment that might have otherwise been created.
TEST RESULTS AND DISCUSSION
The specimens with 152.4 mm (6in) embedment lengths, 15 times the diameter of the bar, were too long for a 9.53 mm (0.375 in.) diameter bar. In many of the specimens, the bar broke before they would begin to slip.
Test results in terms of average ultimate load are summarized in Table 4 . By increasing the embedment length the maximum load that the specimens can hold also increases.
From Table 4 it can be observed a 16% maximum reduction in the ultimate load for the thermally treated specimens' consequent to bond degradation. The effects of thermal loads are more evident by looking at the load-slip curves. Typical load-slip curves for the pull-out tests performed are shown in Figure 5 .
These curves show the difference between the behavior of the specimens with and without thermal treatment. For the untreated specimens there was almost no slip at the free-end until the load reached its ultimate value. For the thermal treated specimens instead, the same peak bond stress is attained but with higher slip values. The bond failure in this case is caused by the shearing of the matrix material from the fibers in the bar. The GFRP bar consists of a core of glass fibers with an outer layer of resin and sand. As a consequence of the thermal treatment there is a weakening of the matrix and thus it shears off as observed in Figure 6 . 
CONCLUSIONS
On the basis of the experimental investigations, the following concluding remarks can be drawn:
• The thermal treatment induced in most of the specimens a slight degradation in the bond performance in terms of ultimate load. A more pronounced effect has been observed on the bond stress-slip curves in terms of slip values due primarily to the degradation of the resin; • In many of the specimens with a 15-diameter embedment length the bar broke before it would begin to slip; • Future research is to conduct the direct pull-out test at high temperature. This would allow determining any bond degradation when the structure is subject to high temperature and therefore to verify if the current standards are adequate for the use with internal FRP reinforcement.
